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Lifetimes of the states in the quadrupole structure in 143 Eu have been measured using the Doppler 
shift attenuation method as well as parity of the states in the sequence has been firmly identified from 
polarization measurement using the Indian National Gamma Array. The decreasing trends of the 
deduced quadrupole transition strength B(E 2) with spin, along with increasing /B(E 2) values 

before band crossing, conclusively establish the origin of these states as arising out of antimagnetic 
rotation. The abrupt increase in the B(E 2) values after the band crossing in the quadrupole 
band, a novel feature observed in the present experiment, may indicates the crossing of different 
shears configurations resulting in re-opening of shears structure. The results are well reproduced by 
numerical calculation within the framework of semi-classical geometric model. 

PACS numbers: 21.10.Re, 21.10.Tg, 21.60.Ev, 23.20.Lv, 27.60.+j 


It is well known that the deviation of a quantal sys¬ 
tem from spherical symmetry results in the observation 
of regular band like structure in its excitation spectrum, 
with the excitation energy proportional to I (I + 1), I be¬ 
ing the quantized angular momentum of a state [l| . The 
deformed nuclei, found in the specific mass regions of the 
periodic table [2|, |3[ , are the best examples of such quan¬ 
tum rotation. In true sense it is the charge density that 
deviates from the spherical symmetry which specifies the 
orientation of the system as a whole. The resulting se¬ 
quence of rotational levels gives rise to a band structure 
where the states are connected through strong E2 tran¬ 
sitions. The experimental signature of these bands is the 
observation of almost constant electric quadrupole tran¬ 
sition rates which are proportional to the square of the 
electric quadrupole moment operator Q. 

Interestingly, similar regular sequences of the 
quadrupole transitions have also been observed for nu¬ 
clei with small quadrupole collectivity, but with different 
intrinsic properties compared to the strongly deformed 
systems [5|-|7|. These type of excitation mechanism was 
first reported by Zhu et al. [§] from the spectroscopic 
investigation of 100 Pd nucleus. These bands are char¬ 
acterized by decreasing electric quadrupole transition 
rates [B(E 2)] with increasing spin [0|-[l 5I|. The intriguing 
feature of the falling trend of the B(E 2) values of 
these sequences has been visualized as a new form of 
quantized rotation, known as antimagnetic rotation 
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(AMR) that has also been interpreted in the framework 
of shears mechanism [l(| . In this description the angular 
momentum is generated by closing of the two blades 
of conjugate shears, produced by the valence particles 
(holes). These valence particles (holes) are initially 
aligned in the time reversed orbit at the band head 
[161 ]. There is no net perpendicular component of the 
magnetic dipole moment for this configuration and it 
is symmetric with respect to rotation by n about the 
total angular momentum axis (rotational axis). The 
resulting quadrupole transition strength will decrease 
with the increase of spin along the band due to the 
gradual closing of the angular momentum blades. 

Another type of regular band-like structure with dif¬ 
ferent characteristic features but same decreasing trend 
of B(E 2) values was observed for several nuclei in the 
mass A ~ 110 and 160 regions pa and has been in¬ 
terpreted as smoothly terminating bands. These bands 
show the characteristic of gradually decreasing dynamic 
moments of inertia with increasing spin in contrast to 
fairly constant dynamic moment of inertia (without any 
collective contribution) in the case of the antimagnetic 
rotation (llj| . The calculations show that these bands 
arise when a particular configuration evolves continu¬ 
ously from high collectivity at low spin to a point where 
all the spin vectors of the valance nucleons, are aligned. 
With increasing spin the intrinsic shape evolves until it 
is symmetric around the axis of rotation. Since collective 
rotation about the symmetry axis is forbidden, no further 
angular momentum can be generated through collective 
rotation and thus represents the termination of the rota¬ 
tional band. The difference between this mechanism and 
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the antimagnetic rotation is reflected in the variation of 
dynamic moment of inertia [J*- 2 *] and B{E2) strength as 
a function of spin. In case of smoothly terminating bands 
the ratio J^/B(E 2 ) remain almost constant in contrast 
to sharp increase in the case of the antmagnetic rotation 

fit 

The observation of conjugate shear structure respon¬ 
sible for the generation of angular momentum in near 
spherical systems in the form of AMR is also associated 
with the possibility of a similar complementary excita¬ 
tion mode called magnetic rotation (MR) due to single 
shear structure (T^] . Indeed different manifestation of the 
shears mechanism with single shear structure have been 
found in mass regions viz. A ~ 80, 100, 140 and 190 0 - 
l27l | . Since both these two types of quantized rotation are 
the consequence of the shear mechanism, it is expected 
to observe both of them in the mentioned mass regions. 
However, till day, simultaneous occurrence of these two 
phenomena have been observed only in mass ~ 100 region 
where firm experimental evidence of antimagnetic rota¬ 
tion has been reported in several Cd isotopes and 

in the 104 Pd nucleus 0 along with the observation of 
MR bands 0,0 . These bands have been interpreted in 
the framework of simple geometric model [lj, |28|, [0 and 
as well as the fully self-consistent microscopic tilted axis 
cranking method based on covariant density functional 
theory [30|. For the mass A ~ 140 region, the observed 
quadrupole band in 144 Dy (3lJ has been identified as a 
possible candidate for antimagnetic rotation on the basis 
of theoretical arguments. However, due to the absence of 
lifetime data, the nature of excitation mechanism for this 
band cannot be firmly establish as antimagnetic rotation. 

In the present letter, observation of AMR band is re¬ 
ported for the 143 Eu nucleus. The AMR phenomenon 
in the present case has been established on the basis of 
the decreasing B(E2) values with increasing spin for the 
band of interest. Further-more, a sudden increase of the 
B(E 2) value, at a higher spin, followed by a another rapid 
decrease has been observed. This is the first nucleus to 
exhibit such a behaviour and novel feature in the context 
of the AMR band. 

The lifetimes of the excited states in 143 Eu have 
been measured using Doppler shift attenuation method 
(DSAM). The excited states in the 143 Eu nucleus have 
been populated through the 116 Cd ( 31 P, 4n) reaction 
at a beam energy of 148-MeV. The beam was deliv¬ 
ered by the Pelletron Linac Facility at the Tata Insti¬ 
tute of Fundamental Research (TIFR), Mumbai. The 
target was 2.4 mg/cm 2 thick 116 Cd, enriched to 99%, 
on 14.5 mg/cm 2 Pb backing. Indian National Gamma 
Array (INGA) 0,01, consisting of nineteen Compton 
suppressed clover detectors, was used to detect the de¬ 
exciting 7 rays. The experimental aspects and data anal¬ 
ysis are detailed in Ref. [34]]. 

The earlier studies on 143 Eu 0] reported a quadrupole 
cascade of E2 transitions, connected to the lower part 
of the level scheme by a 803.9-keV El transition. All 
the reported transitions [35f have been observed in the 
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FIG. 1: (Color online) The partial level scheme of the 
quadrupole structure in 143 Eu. In the inset figure shows the 
variation of polarization vs DCO ratios (gate on E2 transi¬ 
tions) for different transitions in 143 Eu. The value for the 
803.9 keV is represented by the filled red star. The level en¬ 
ergy and gamma energies are rounded off to the nearest keV. 
The new transitions are indicated by an asterisk. 


present measurements except for three new transitions 
which were placed in the partial level scheme [Fig. [l]. 
The values of DCO ratio, anisotropy and linear polar¬ 
ization determined from the present experiment for the 
803.9 keV transition have been found to be 0.70(0.06), 
0.78(0.09) and -0.05(0.07), respectively [inset of Fig. [l]. 
These values conclusively establish that the 803.9 keV 
transition is of mixed character [with Ml/E2 mixing ra¬ 
tio 0.15(0.05)]. Thus the reported E2 cascade has been 
identified as a positive parity sequence [Fig. [I]. In 
addition to the previously observed transitions, a weak 
1400.0-keV transition parallel to 790.9-keV 7 ray is ob¬ 
served above the 1249.7-keV transition. We have also 
observed two more weak transitions of energies 1316.0 
and 1040.0 keV feeding the 71/2+ state. Fig. [2] shows 
the alignment plot for the quadrupole structure in 143 Eu 
which is indicative of a band crossing at a spin of 59/2 + . 

The Doppler-broadened line shapes have been observed 
for the transitions above the I 77 = 43/2 + state in 143 Eu. 
The level lifetimes of the states have been extracted by 
fittin g th ese line shapes using the LINESHAPE analysis 
code I37l 0. The slowing down history of 10,000 re¬ 
coil nuclei, traversing the target and the backing media, 
have been simulated by Monte Carlo techniques with a 
time step of 1.5 fs. The Shell corrected stopping pow¬ 
ers of Northcliffe and Schilling 39 have been used for 
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TABLE I: Measured level lifetimes (r) and the corresponding B(E 2) values for the quadrupole transitions in 143 Eu. Dynamic 
moment of inertia J^ and the ratio of / B(E2) are also shown for the same transitions. 


Sequence 
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J(2) 

jW/B(E2) 


[h] 
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[PS] 

[ps] 

[e 2 b 2 ] 

[fi 2 MeV -1 ] 

[fi, 2 MeV 1 /(eb) 2 ] 


47/2+ 
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0-481°° 8 7 

r\ qc+0.06 d 

U.OO_0.05 

24.3 

69 til 

Structure II 
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0.22(5) 

0 44+ 0 07 

u.44-0.05 

PI OQ+0-04 
u ^°_0.03 

17.4 

76t)j) 


71/2+ 

1185.7 

< 0.3 

0.38“ 

0.09f 

19.5 

216| 


“The level lifetimes are adopted from ref [35]- 
^Present measurements. 

“Upper limit of level lifetime (r). 

d The 65% branching ratio for the 790.9 keV transition [351. 



FIG. 2: Experimental aligned angular momentum (i x ) for the 
quadrupole structure (above 43/2 + ) in 143 Eu. The reference 
parameters were assumed to be 3o = 12 t^MeV -1 and 3 i = 
25 h A MeV~ 3 , adopted from ref. [3(|. 


these calculations. These histories have been used to 
generate angle dependent velocity profiles for detectors 
at different angles wherein the clover geometry of the de¬ 
tector has been used as an input. The velocity profiles 
have been used to calculate Doppler shapes for the y-ray 
transitions of interest. The experimental spectra have 
been constructed with gates on the 7 -ray transitions be¬ 
low the band of interest. The lifetimes for the states in 
the band have been extracted by least square fitting of 
the calculated shapes to the experimental (gated) spec¬ 
tra. The gate on the transitions below the transitions 
of interest necessitates to consider the side-feeding con¬ 
tribution. This has been modeled with a cascade of five 
transitions and having a moment of inertia same as that 
of the band under consideration. Initially, starting from 
the topmost transition, the members of the band have 
been sequentially fitted. A direct feeding has been as¬ 


sumed to calculate the shape for the transition from top¬ 
most level (/ 7r = 71/2 + ) for which a clear line shape has 
been observed. This gives us the value of the effective 
lifetime of the state. For the subsequent transitions in 
the band, the transition quadrupole moment, the side¬ 
feeding quadrupole moment, the peak height and the 
background have been used as the free parameters for 
the least square procedure. Following a satisfactory fit, 
the spectrum parameters like the peak height and the 
background have been fixed at the corresponding values. 
After having fitted all the transitions of the band, se¬ 
quentially, a global least square minimization has been 
carried out for all the transitions of the cascade, simulta¬ 
neously, wherein only the transition quadrupole moment 
and the side-feeding quadrupole moments for each state 
have been kept as free parameters. 

In the present work, the observed line shapes at an¬ 
gles 65°, 90° and 140° have been fitted simultaneously to 
obtain the level lifetimes recorded in Table Q] along with 
the derived B(E 2) values. The representative line shape 
fits are illustrated in Fig. [3] The uncertainties in the 
lifetimes have been derived from the behavior of the x ' 2 
fit in the vicinity of the minimum. The quoted errors in 
the lifetimes do not include the systematic error due to 
the uncertainty in the stopping power which can be as 
large as 15%. The level lifetimes have been evaluated in 
the present analysis by considering the side feeding from 
both observed as well as unobserved transitions to the 
level under consideration j23;]. Thus the lifetime for the 
47/2 + state has been evaluated by including the 969 keV 
transition [35j in the feeding history parallel to the 866.5 
keV transition. The 969 keV transition appears to be a 
fully stopped peak in the present experiment. For the 
next higher lying state at 51/2+, it was observed that 
the state was populated by a 698 keV transition (53/2 
—> 51/2 + ; not shown in Fig. [Tj) in addition to the 1107.5 
keV transition also. We have observed line shapes for 
both these transitions in the experimental spectra. The 
partial lifetime for the 51/2 + state due to the feeding 
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FIG. 3: (Color online) The representative spectra along with theoretically fitted line-shapes for the quadrupole transitions 
866.5, 1107.5 and 790.9 keV of quadrupole structure in 143 Eu. Calculated line-shape of 7 transitions, contaminant peaks and 
total line-shapes are represented by the blue, olive and red curves, respectively. 


of 698 keV transition has been evaluated. In the final 
analysis, the top feed lifetime for the 51/2 + level was 
assumed to be the intensity weighted average of the life¬ 
times for 55/2 + and 53/2 levels since this level was fed 
by both 1108 keV (55/2+ -1 51/2+) and 698 keV (53/2 
—» 51/2 + ) 7 rays j40j. The side feeding intensity in all 
the levels was fixed to reproduce the observed intensity 
pattern at 90° with respect to the beam direction. The 
present analysis is validated by the close compliance of 
the lifetimes of 47/2 + and 51/2+ states, measured in the 
present work, with those reported in Ref. (35j| . For the 
states above the 51/2+ level, Ref. HH only provided an 
upper limit on the lifetimes except for the 67/2+ level. 

The Figure [4] (a) shows the variation of the deduced 
B(E 2) values with spin for the observed quadrupole band 
in 143 Eu. The B(E 2) value shows a rapid decrease up to 
the state with spin-parity 59/2 + (marked as (I) in Fig. [4] 
(a)). For the next higher lying state at 63/2 + it shows a 
sudden increase and again continues to decrease along the 
band (marked as (II) in Fig. [4] (a)). The rapid increase of 
J^/B(E 2) ratios with increasing spins (Tabled]) before 
band crossing clearly exclude the possibility of the struc¬ 
ture I having a smoothly terminating origin. The trend 
of the B(E2) values and /B(E2) ratios are the defini¬ 
tive experimental signature for the AMR phenomenon so 
far as structure I in concerned. This is the conclusive 
experimental evidence of the AMR band observed in any 


mass region other than A ~ 100. The behaviour of the 
structure II will be discussed later. 

The 143 Eu (Z = 63, N = 80) nucleus has one proton 
hole and two neutron holes with respect to the semi¬ 
magic nucleus 146 Gd. However protons can be easily ex¬ 
cited to the hn /2 orbital across Z = 64 subshell closure, 
leading to the observation of the magnetic rotational 
bands. Such bands have been observed in the neighbor¬ 
ing 142 Sm, 141 Eu, 142 Gd nuclei, which were interpreted in 
the framework of the tilted axis cranking and the shears 
mechanism with the principal axis cranking model using 
small oblate deformation |3J, |4l|, |42| • 

In contrast to the previous work [35|, we have as¬ 
signed the configuration ( vh~y 2 Tr(d 5 / 2 / 9712 )^) 37/2 ® 
(7rh 2 i/ 2 )o to the 43/2+ state (previous assignment was 
7r (^ 5 / 2 Sr/ 2 ^ 11 / 2 ) ^u/ 2 )- This is due to the fact that for 
oblate deformation, three proton holes in the ^ 5 / 2 / 57/2 
orbitals, being rotation aligned, along with two neutron 
holes in the hn/ 2 , produce a total angular momentum 
of 37/2+. This is close to the band head spin of 43/2+ 
for the proposed antimagnetic rotational band (structure 
I). The difference (3 h) can be attributed to the contribu¬ 
tion of the core. On the other hand, the two protons 
in the time reversed hn/ 2 orbital produce two angular 
momentum vectors which are anti-aligned to each other 
and perpendicular to the total angular momentum of the 
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FIG. 4: (Color online) Experimental (a) B(E 2) values with 
spin [/(ft)] and (b) /(ft.) against rotational frequency (w) for 
quadrupole band in 143 Eu. The solid red line represents the 
theoretical semi-classical particle plus rotor model calcula¬ 
tion. The parameters used for this calculation are V nl/ = 
1.7-MeV, 14 x = 0.2-MeV, j = 11/2, n = 10, a =3.91 and 
eQ e ff = 1.40 eb. The parameters have same meaning as in 
Ref. [3, HI- The arrows depict the relative orientation of 
the ftn /2 proton blades for structure I and structure II. The¬ 
oretical B(E 2) values, represented by olive dash line (jh = 
59/2ft, j-rr = 9/2ft. and eQeff = 1-58 eb), are calculated using 
Eq. (1) for structure II. 


rotation aligned holes. Thus, for this configuration the 
double shear structure can exist. We have calculated 
the band head energy for the above configuration using 
a particle hole calculation in the relativistic mean field 
approach [43| using the blocked BCS method. The cal¬ 
culated energy of the band head is found to be 6.8 MeV 
whereas the corresponding observed value is 7.4 MeV. 
The difference may be due to the effect of core rotation 
which is not considered in the present relativistic mean 
field calculations. It has also been observed from the cal¬ 
culations that the potential energy surfaces for the seven 
quasi-particle state is much deeper (~ 700 keV) for oblate 
deformation compared to prolate deformation. 

In order to explore the possibility of the antimagnetic 
rotational band in 143 Eu for the above mentioned con¬ 
figuration, we have performed a numerical calculation 
within the framework of a self-consistent semi-classical 
rotor plus shears model fl4l l29l based on the proton- 
neutron residual interaction [441 ] . In this model the total 
energy of an excited state is the sum of the rotational en¬ 
ergy of the weakly deformed core and the effective inter¬ 


action energy between the shears blades. The transition 
probability of the state in the antimagnetic shear can be 
expressed as GHH, 

B(E2) = ^(eQ eff ) 2 sin^ (1) 

where 6 is the angle between the rotational axis and 
any one of the proton angular momentum vectors. 

Experimental I (w) values have been compared with 
the calculations from the semi-classical rotor plus shears 
model in Fig. H](b). The good agreement seems 
to indicate that the structure I originates due to the 
antimagnetic rotation with the configuration vh~^ 2 

7 r (^ 5 / 2 /<? 7 / 2) -3 ® 7 r ^ ) ii/ 2 - order to validate this propo¬ 
sition, the B(E 2) values have been computed using Eq. 
( 1 ) where the shears angle for each angular momen¬ 
tum state has been calculated from the semi-classical 
model. These values are represented by the solid line 
in Fig. (4ja). This agreement provides the essential self- 
consistency check. The presence of the 1400.0-keV transi¬ 
tion above the 59/2 + state may indicate the termination 
of the aforesaid band at a spin of 63/2 + state due to the 
complete alignment of two ftn/ 2 protons leading to an 
angular momentum gain of 10ft. Thus, the present cal¬ 
culations seems to indicate that the sequence I originates 
due to the AMR in a oblate nucleus. This is a unique 
observation since all the nuclei of the A ~ 100 are prolate 
where the AMR has been established. 

It has been observed from Fig. [4] (a) that there is a 
large increase of B{E 2) value at a spin of 63/2 + . This 
nature of variation in the B(E 2) value, an unique feature 
of the current observation, has not observed in any nu¬ 
cleus. However, such sudden increase in B(M 1) values 
observed in different mass regions and have been inter¬ 
preted as a crossing of the two magnetic rotational bands 
[lESMSfl. Thus, the observation may be associated to 
the emergence of a new double shear structure. This 
possibility is also supported by the fact that the original 
AMR. structure can generate spin only upto 63/2 + and 
the observed states with higher angular momentum must 
have a different single particle configuration, resulting in 
a re-opening of the shear structure. A new configuration 
[< /2 Tr(d 5 / 2 /g 7 / 2 )~ 3 nh 2 n / 2 + core(3ft )] 59 / 2 ® 7 rft 3 1/2 
has been tentatively assigned for the quadrupole struc¬ 
ture II where two additional ftn /2 protons in the time 
reversed orbit start to align. This is in addition to the 
rotation aligned spin (59/2) due to the structure I. The 
coupling of these angular momentum vectors may be vi¬ 
sualize as another twin shear like structure responsible 
for the generation of a different AMR band with a new 
shear angle. 

The semi-classical model calculation agreed well with 
the experimental B(E 2) values for the structure II (Fig. 
Ufa)) assuming the fact that the proton blades are not 
fully stretched. Such non-stretched configurations have 
been assumed in semi-classical calculation [34], lU, |42| 
in this mass region. In this calculation, the values of 
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shears angle ( 9 ) are obtained directly from the relation 
I = jh + 2j 7r cos6 l for the assumed configuration where 
jh is the total angular momentum of the quasi particles 
aligned along the rotational axis at the band head and 
the angular momentum assumed due to the rotation of 
the core. In this case the maximum spin that can be 
generated due to the alignment of two more protons in 
/in /2 is 6 /i because of Pauli blocking (as two protons are 
already aligned corresponding to the projection 11/2 and 
9/2 for the sequence I, the available projected states for 
the next pair of /in /2 protons are 7/2 and 5/2) and hence, 
this band is expected to generate a maximum spin of 
71/2+ which corroborated with the experimental results. 
The presence of high energy transitions above the state 
at 71/2 + may visualize as the termination of the AMR 
band. However, the increasing trend of the J^ 2 ' / B{E2) 
ratios for the structure II [Table [Tj can not be definitely 
ascertain from the present experimental data. Hence the 
possibility of smooth band termination for structure II 

cannot be excluded [13- 

In summary, the high spin quadrupole structure in 
143 Eu has been investigated using the reaction 116 Cd 
( 31 P, 4n) at a beam energy of 148-MeV. Lifetimes of the 
levels in the quadrupole structure have been measured. 
The deduced B{E2) values decrease with increasing spin 
(and also increase of /B(E2) values), indicating the 
band (structure I) to be of AMR origin, followed by a 
sudden increase at spin-parity 63/2 + . The configura¬ 
tion I/ft- 2 7r(d5/2/<?7/2) _3 <8> 7 r ^ii/2 has been assigned 
to the structure I from the semi-classical model calcu¬ 
lation, which clearly shows that the quadrupole band 
(structure I) in 143 Eu originate due to the antimagnetic 
rotation. For structure II a tentative configuration of 
i uh ii /2 7 r ( rf 5 / 2 / 57 / 2 )^ 3 7’'^ 1/2 + core(3/i)] 59/2 (8) 7 T h\ 1/2 
has been assigned. The B{E2) values for the states in 


quadrupole structure II have been well reproduced within 
the framework of semi-classical shears model from which 
it may be concluded that this band may also be origi¬ 
nated due to AMR, but the possibility of smooth band 
termination can not be ruled out. The sudden rise of 
the B(E2) value at 63/2 + may be due to crossing of the 
two antimagnetic rotational band. However such band 
crossing phenomenon is not incorporated in the present 
semi-classical model [TJ, [ 2 E} . Detailed investigation in 
the framework of microscopic model may lead to a bet¬ 
ter understanding of this behavior. The present measure¬ 
ments conclusively establish the antimagnetic rotation in 
A ~ 140 region. This observation outside the A ~ 100 
region establishes the antimagnetic rotation phenomenon 
as an alternative mechanism for generation of high angu¬ 
lar momentum states in weakly deformed nuclei. 
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